Noise propagates from sources through air distribution duct systems, structures, and combinations of paths, reaching the occupants. A plenum chamber is similar to a dissipative silencer, but it is also similar to a small room with a noise source in one wall. The dimensions of the plenum chamber are usually larger than the wavelength of the sound being attenuated. Above the cutoff frequency, as defined by the plenum's inlet duct dimensions, the wavelength of sound is small compared to the characteristic dimensions of the plenum. All values are in terms of sound pressure level with "A" frequency weighting and "slow" time weighting measured by a B&K 2231sound level meter and 1625 analyzer. Input and output in this compartment as opposed to a two-sided compartment was based on the ASHRAE instructions on the frequency of cutoff. This frequency indicates that the chamber dimensions that channel input and output frequencies higher than 436 Hz will be effective in reducing noise.
INTRODUCTION
HVAC equipment is one of the major sources of noise in a building, and its effect on the interior acoustical environment is important. Further, noise from outside equipment often propagates to the community. Therefore, mechanical equipment must be selected, and equipment spaces designed, with an emphasis on both the intended uses of the equipment and the goal of providing acceptable sound levels in the occupied spaces of the building in which the equipment is located and in the community. Furthermore, operation of HVAC equipment causes vibrations that can propagate into occupied spaces. Vibration can create uncomfortable conditions for occupants, and often creates secondary noise sources (e.g., vibrating walls, floors, piping and ducts).
Noise propagates from the sources through the air distribution duct systems, through the structure, and through a combinations of paths, reaching the occupants. Components of the mechanical system (e.g., fans, dampers, diffusers, junctions) may all produce sound by the nature of the airflow through and around them. As a result, almost all components must be considered. Because sound travels effectively in the same or the opposite direction of the airflow, downstream and upstream paths are often equally important. Different sources produce sounds that have different frequency distributions, called spectral characteristics [1] .
Sound from propeller fans generally has a low frequency-dominated spectrum shape; the blade-pass frequency is typically prominent and occurs in the lowfrequency bands because of the small number of blades. Propeller fan blade-pass frequency noise is very sensitive to inlet obstructions. For some propeller fan designs, the shape of the fan venturi (inlet) is also a very important parameter that affects sound levels. In some applications, the noise of a propeller fan is described as sounding like a helicopter. Propeller fans are most commonly used on condensers and for power exhausts [2] .
Plenums are often placed between the outlet of a fan and main air distribution ducts to smooth turbulent airflow. These chambers are typically lined with acoustically absorbent material to reduce fan and other mechanical noise. Plenums are usually large rectangular enclosures with an inlet and one or more outlets. Based on experience, ASHRAE-sponsored research (Mouratidis and Becker 2004), and earlier work (Wells 1958), the transmission loss associated with a plenum can be expressed using the following considerations:
• Frequency range (above versus below the cutoff frequency) • In-line inlet and outlet openings (no offset angle) • End-in/end-out versus end-in/side-out orientation (i.e., in-line versus elbow configuration) Figure 1 . Schematic of End-In/End-Out Plenum.
MATERIAL AND METHODS 2.1 The plenum chamber
A plenum chamber is similar to a dissipative silencer, but it is also similar to a small room with a noise source in one wall. The dimensions of the plenum chamber are usually larger than the wavelength of the sound being attenuated. In addition, the inlet and outlet of the plenum chamber are usually not placed on the same axis, which is often the case for dissipative silencers. One of the applications for plenum chambers is to smooth out flow fluctuations and poor velocity distribution after a fan or blower in an air distribution system, in addition to attenuation of the noise generated by the fan or blower [3] .
The main noise sources in air-conditioning systems are fans, chillers, cooling towers, airflow through ducts, grills and diffusers, and flanking transmission through ducts and plenums. The control of these sources is largely by the appropriate sitting and selection of mechanical equipment, silencers, duct sizes, and linings.
Noise reduction of a fan and air duct by using a plenum chamber based on ASHRAE guidelines
Cutoff frequency
Above the cutoff frequency, as defined by the plenum's inlet duct dimensions, the wavelength of sound is small compared to the characteristic dimensions of the plenum [4] . Plane wave propagation in a duct exists at frequencies below the cutoff, creating a need to consider two frequency ranges, where (1) (2) Where f co = cutoff frequency, Hz c = speed of sound in air, m/s a = larger cross-sectional dimension of rectangular duct, m d = diameter of round duct, m
Transmission loss
The cutoff frequency f co is the frequency above which plane waves no longer propagate in a duct. At these higher frequencies, waves that propagate in the duct are called cross or spinning modes [5] . The transmission loss (TL) in this higher frequency range may be predicted using the following relationship:
Where TL = transmission loss, dB b = 3.505 n = -0.359 k f = attenuation coefficient S out = area of plenum outlet, m 2 S = total inside surface area of plenum minus inlet and outlet areas, m 2 r = distance between centers of inlet and outlet of plenum, m Q = directivity factor; taken as 2 for opening near center of wall, or 4 for opening near corner of plenum α a = average absorption coefficient of plenum lining
Average absorption coefficient
The average absorption coefficient α a of plenum lining is given by: Farhad Forouharmajd and Parvin Nassiri In many situations, inside surfaces of a plenum chamber are lined with a sound absorbing material [6] . For these situations, α a = α 2 For an end-in/end-out plenum configuration, where the openings are not in-line, the offset angle θ must be considered in the TL calculation. The value of θ is obtained from the following relationship:
Where θ = offset angle representing r to long axis l of duct l = length of plenum, m r v = vertical offset between axes of plenum inlet and outlet, m r h = horizontal offset between axes of plenum inlet and outlet, m
For lower frequencies that correspond to plane wave propagation in the duct, effect wall and surface area coefficient may be used.
Measurements
All values are in terms of "A" weighted sound pressure level and "slow" time weighting measured by a B&K 2231sound level meter and 1625 analyzer. Measuring SPL has been done in the inlet and outlet areas of the plenum and at a 6 meter distance. Analysis of noise in 1/1 octave bands was done to compare and describe the values in three different cases of noise absorption by plenum.
RESULTS
As can be seen from table I, the plenum dimensions, inlet and outlet were chosen in accordance to ASHRAE instructions so that the noise of the fan can be reduced from above 500 Hz.
Table I Acoustical specifications of designed plenum based on ASHRAE instructions
The measured values of noise in one octave bands before and after installing the plenum demonstrate that it can play an important role in noise reduction especially in higher frequencies than the cutoff. The sound attenuation in these frequencies is about 5.5dB to 7dB. It is clear that a larger plenum has more noise reduction but choosing the plenum is dependent on duct dimensions, fan size, enough space to install and required noise reduction measures [7] .
Comparison of figures of 2 and 3 can be important and useful from the view point of checking the design method given by ASHRAE. In an overall view, the predicted attenuation of noise is near to that designed by ASHRAE. Of course, there are few differences in predicted values and calculated measures of ASHRAE guidelines due to applied bare sheet metal and typical absorption material for lined plenum.
In new research, the scholars try to measure two points of duct at downstream and upstream to compare the results and determine transmission loss [8] .
As can be seen from table II, plenum can reduce fan-induced noise about 7dB and therefore the noise has significantly declined in ducts and workplace. A lined plenum with an absorber like mineral wool has increased this reduction to 13dB in high frequencies (Fig. 2 ). There is a significant noise reduction in low frequencies Noise reduction of a fan and air duct by using a plenum chamber based on ASHRAE guidelines (frequencies from 31.5 Hz to 500 Hz) in spite of having a cutoff frequency of 436 Hz. Fig. 3 shows the measures of transmission loss calculated as an overall value, for applied absorbent material and bare sheet metal. 
DISCUSSION
A sound-absorbing plenum is an economical device for achieving significant attenuation. Plenum performance can be increased by increasing the ratio of the cross-sectional area of the plenum to the cross-sectional area of the entrance and exit ducts, and by increasing the amount or thickness of absorbent lining [9, 10] . A plenum located at the fan discharge can be an effective and economical way to decrease noise entering the duct system. Based on ASHRAE standard guidelines, sound frequencies below the cutoff frequency will be seen less likely to drop. SPLs in ducts and plenums are sensitive to duct dimensions and duct discharge types but insensitive to duct locations and room dimensions [11] .
There is a relatively high attenuation at low frequencies without a plenum that can be due to measuring sound pressure level in the front of a fan, before plenum and duct installation. The measures for low frequency noise will be increased by using a duct. As mentioned before, there is a significant noise reduction by 7dB in low frequencies (frequencies from 31.5 Hz to 500 Hz) while using a plenum in spite of having a cutoff frequency of 436 Hz. This value of reduction reaches to 11dB with a lined plenum. This is an important point that sometimes the plenum can also be effective at reduction of noise in low frequencies. It seems the amount or thickness of absorbent lining is a main reason of noise reduction in low band frequencies [12] .
CONCLUSIONS
This was the first experience of the authors in using a plenum to reduce and control noise from an industrial fan, ducts and other parts of the HVAC systems. However, the results obtained from this paper show that using a lined plenum can cause the plenum to reduce noise more in comparison to bare metal chamber [13] . Thus, some parameters such as differing sizes, the effect of different plenum linings, and locations of inlet and outlet maybe the most important factors which make the plenum works better and more effective especially for low frequencies as well as high [14] . For example, it is possible to reduce noise by a lined plenum with a thicker absorber. It seems that a double lining of mineral wool of the same density can give more absorption across the low frequencies. Combined passive and active methods are better ways to reduce low frequencies of noise in HVAC systems. The author is doing some research on the possibility of applying active noise control and a typical Helmholtz absorber simultaneously on a ventilation system to improve the reduction value of low frequency noise.
